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A simple model for baroplastic behavior in block copolymer melts
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A simple model for the free energy of mixing of compressible polymer blends is derived, based on
the regular solution model. Its ability to predict phase behavior for weakly interacting polymer pairs
using only the pure component properties of mass density, solubility parameter, and thermal
expansion coefficient is illustrated for mixtures of polystyrene and peblkyl methacrylates) with
n=<12. The model yields a clear explanation for the strong pressure effects observed in some of
these systems, including the first reported baroplastic elastome200@ American Institute of
Physics. [DOI: 10.1063/1.1361072

In dramatic contrast to the classical miscibility gap ormaterial, inducing Newtonian flow by disordering the co-
upper critical solution transitiofUCST) observed upon polymer. While it has been recognized that sudiafoplas-
cooling in most organic or inorganic small molecule mix- tic” behavior could be highly advantageous for processing,
tures and alloys, polymer blends and solutions are known tn practice, its exploitation has been impeded by a lack of
also undergo, in some instances, phase separation upon hesithple predictive tools for designing new baroplastic poly-
ing through a lower critical solution transitioLCST).}?  mers of commercial relevance. In this paper, we describe a
The observation of this inverted coexistence curve is a direcsimple free energy model for compressible polymer blends,
consequence of the reduced combinatorial entropy of mixingxtendable to block copolymers, that can serve as a predic-
in macromolecular systems compared to their small moleculéve tool for the design of miscibility and baroplastic behav-
analogs. Indeed, under these circumstances, additional eis into weakly interacting polymer mixtures. Employing this
tropic factors otherwise negligible and arising from differ- model, the explanation behind the systematic change in
ences in the pure componeRt-V—-T properties govern the phase behavior recently reported for a homologous series of
free energy of mixing at elevated temperature and destabilizetyrenen-alkyl ~ methacrylate  copolymers is made
the mixture. This has been demonstrated by several autho'rmnsparenjc“
using equation-of-stat€EOS theories such as the Prigogine To proceed, we consider a compressible blend compris-
cell model? the Flory—Orwoll-Vrij theory*® the Sanchez— ing n, chains of polymeRA, each containing\, segments of
Lacombe lattice fluid modé}/ the lattice cluster theofyand  hard core(0 K, zero pressupevolumev », andng chains of
the more recent EOS of Hino and Praushitz. polymerB, each containindNg segments of hard core vol-

Similar to polymer blends, diblock copolymers, whereinumeuvg. The total volume occupied by each polymer com-
the two chemically distinct polymer chains are covalentlyponent in the pure state, denot¥g, is assumed to be a
bonded together, can also undergo a disorder—order trandiinction of both temperature and pressure, thereby allowing
tion (local phase separatiprither upon coolingUDOT)!®  for thermal expansion and compressibility. The total volume
or upon heatindLDOT), or both!! accompanied by a rheo- V occupied by the phase-mixed blend differs from the sum
logical transition from liquidlike to solidlike properties. of the pure component volumeg,+ Vg by the quantity

The observation of LDOT-type behavior in block co- AV, the change in volume on mixing.
polymers has important implications from an applications  As pointed out by Hildebrand and Flotythe change in
standpoint. Indeed, empirically, phase separation upon heatombinatorial entropy upon mixing for a compressible two-
ing through a LCST/LDOT is always accompanied by acomponent polymer solution or mixture should scale loga-
positive change in volume, leading to the strong pressuréthmically with the ratios of the unoccupied or “free” vol-
effects reported for this transitidA:® For example, by ap- ume available in the mixturey; ,, to that in the pure
plying hydrostatic pressure, the LDOT reported forcomponentsy; , andVig:
polystyreneblockpoly n-butyl methacrylatePSh-PBMA) Vim Vim
is raised by as much as 150 °C/kbar, an unprecedented ob- AS,,/k= nAIn< +ng In( ) (D)
servation of pressure effects in polyméfressure has an Via Vie
equally profound effect on the rheological properties of this ~ The free volume of componentV; ;, is defined here as
the difference between the total volurkle at temperaturd
and pressureP and the occupied or hard core volume:

dCurrent address: Elf-Atochem/CNRS, UMR 167, 95, Rue Danton, B.P.

108, 92303, Levallois-Perret, France. Vi i(T,P)=Vi(T,P) —niNjv;; . similarly Vfl,m:V(T'a P)
Author to whom correspondence should be addressed. —(naNpavat+ngNgvg). Following the formalism typically
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adopted in EOS theoriéd V; ; andV; , can be expressed in
terms of the reduced densitigs=p;/p;*, wherep; is the
mass density al and P and p;{' =M, ;/(Ngv;) is the hard

core density for a monomer of molecular weight
M.i(g/mol) (Ng is Avogadro’s number
Vi i(T,P)=(1=75)Vi(T,P). 2

Using this definition, Eq(1) can be rewritten as

ASnix/k=—=[naIn pa+ngin ¢g]

1_
nAIn(l_—ﬁA s (3)

+

+ =
fle In( 1_PB)
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From Egs.(4) and (6), a very simple perfect square is
obtained for the change in interaction energy per unit vol-
ume,AE i, /V:

mix

\Y

¢A¢Bﬁi5i,o+ ¢A¢Bﬁé5§,o_ 2padspaPBOA,008,0

= dada(Padao—Pede o)’ (7)

Note that, alternatively, Eq.7) can be rewritten in a form
that more transparently separates the compressible and in-
compressible contributions to the change in interaction en-
ergy. Adding and subtracting the suraﬁA¢BI)A7)B(5,§’O

— 530) to (7) and defining thél'- and P-dependent cohesive

where ¢; is the pure component volume fraction, defined asenergy density a§i2:7>i550, one obtains

V;/(Va+Vpg). In Eq. (3), we have made use of the approxi-
mation ¢;~V,/V, sinceAV,, is typically ~o(10 *)V for
macromolecular mixtures. Equatiof8) consists of two
terms: the idealincompressible entropy of mixing, and a

second term that arises from compressibility and is related to

mix

\Y

= padepaps( 5A,o_ 53,0)2

+ pacbp(Pa—Pe) (52— 53). (78)

the difference in free volume between the mixture and then (7g), the first term is the classical exchange interaction

pure components.
In keeping with the spirit of the well-known Flory—
Huggins theory and assuming random mixifgean field

energy, diluted by the factofs . It can be related back to the
Flory—Huggins’ interaction energy via the approximation:

approximation, a simple expression for the change in inter-

5A,0_ 5B,0)2

®

—
action energy can also be derived. In the phase separated XAB~ VUAUB kT
(pure state, the total interaction energy can be obtained by
counting the number of pairwise—A andB—B interactions.  The second term in7a), which can either be positive or
densitiess?,= — 1ze;; /v; (energy/vo): interactions £;;) upon mixing. Hence, if componerd is
' characterized at the same time by a larger free volume (

E N e 1 Zeaa| NaNavA >Pg) as well as stronger self-interactiong3( 63) than
pure” TATATATN 2 wa Va componentA, the contraction this component will undergo
1 N upon mixing is energetically favorable.
+ngNgug X _ZSBB) o NeNevs Combining Egs.(3) and (7a), the total change in free
2 vg Vg energy per unit volumeAgny, at atmospheric pressure

(PAV,ix term ignored is given by

= _nANAUAfs,ZA,oTJA_nBNBUBCSé,oﬁBa (4)
where g;; is the attractive(negative segmental interaction AQe=KT ¢A7’A|n + d’BT’Bm + ~ ~
energy of the—i pair andz is the number of nearest neigh- Grmix Nav A oa Ngvg Pe|* SadePare

bor monomers in the pure melt&\n alternate “off-lattice” 2 ~  ~ 2 @
derivation forAE gy ispprovided in Appendix AY) The di- X(8n0~ 950"+ ¢ade(Pa—Pe)(Oa—5p). (9)
lution factorsp; multiplying the self-interaction energy terms |n this expression, the second term of E8). was neglected,
reflect the reduced probability of segmental interactions insince it is in fact orders of magnitude smaller than the lead-
the pure compressible melts compared to the hardcore stajigy terms. This yields a simplified expression gy,
(incompressible limjt The interaction energy in the mixed which dependonly on the pure component propertie$
state can be calculated in a similar fashion, making use of theeduced density and cohesive energy density or solubility
classical regular solution model approximatiorfor the  parameter. As shown in Appendix B, the stability criterion
cross-interaction energy de”SWﬁB,oi for the mixed state at atmospheric pressure is then readily
obtained from the second derivative of the intensive free en-

5%5,0:% Z—V\/‘SA_AEBB = 57 008.0, (5) ergy with respect to composition:
UaUB (929 (929
yielding m T,P% ﬁ ros
Emixed= —~NaNAUAOA 0#aPA— NeNpUg 5 obePe 3 3
—2nANAU AOA 068,008PB - (6) kT daANav A i $eNgvp

Again, the dilution factorg;p;=n;N;v;/V represents the re-
duced probability of interacting with a segment of tyipm
the compressible mixed state compared to the hardcore state.

—2pape( S0~ 88,0)°

—2(pa—Pe)(54— 55)>0 (10
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FIG. 1. Predicted phase diagrams and experimental cloud points forrR8I8( methacrylate) blends. Homopolymer molecular weights are indicated for

each spinodal or cloud point curve as follows: XXX 000 g/mol.

while at the spinodal temperature, the same expressioRigure 1 shows the spinodals predicted from E®). for
blends of PS and the six poly{alkyl methacrylates) for

equals zero.
In the remainder of this paper, we employ the free enwhich P—V—T data were availabl®?° namely, PMMA
ergy model derived above to predict phase diagrams at atme=1), PEMA (n=2), PBMA (n=4), PHMA (n=6),
POMA (n=8), and PLMA (=12). Experimental coexist-

spheric pressure for a series of styrenalkyl methacrylate
systems, the phase behavior of which was investigated exence(cloud poinj curves for blends of these systems, only
perimentally and reported elsewhéfelo this end, the pure available for PS/PMMA?2 PS/IPEMA?® and PS/PBMA
component propertie®;(T) and §;(T) were determined are also shown for comparison. As can be seen(®ccor-

from experimental PVT datfand group contributiofGC)  rectly captures the qualitative phase behavior of most of
calculations® The reduced densities were obtained bythese systems. Hence, PS/PEMA and PS/PBMA are pre-
simple extrapolation of Tait equation fits of mass densitydicted to exhibit both a low UCST and a high LCST sepa-

data © 0 K at zero pressure assuming a constant thermatated by a mixed-state window. In contrast, for PMMA,
POMA, and PLMA, increasingly high UCST's are predicted,

expansion coefficient; (the melt state valyeas a first ap-
proximation. This procedure yields the hardcore dengity only observable in an experimentally accessibleange for
and, hence,p;(T) and 5i2(T)= 5?(298)(7)i(T)/73i(298)), very low molecular weights. Moreover, the reasonable quan-

where5i2(298) is the room temperature cohesive energy dentitative agreement with experimental cloud points near the
critical point is encouraging, considering that no adjustable

sity calculated according to van Krevelth.
Previously, we reportéd that block copolymers of PS parameters were used for the predictions. The only deviation
from our observations is found for PS/PHMA. For this blend,

and polyf-alkyl methacrylates) of side chain length<
a LCST is predicted, though block copolymers of these com-

<4, namely, polyethyl methacrylate PEMA, poly(propyl

methacrylats PPMA, and PBMA, are miscible over a siz- ponents display the UDOY. Otherwise, the qualitative
ableT range, and exhibit LDOT behavior. In contrast, poly- agreement between the model predictions and the experi-
(methyl methacrylate PMMA (n=1), as well as alkyl ments is excellent, implying that the model proposed herein
methacrylates witm>4, are increasingly immiscible with can be used in a predictive capacity, at least for weakly in-
PS, and the corresponding block copolymers exhibit aeracting systems.

UDOT, only observable for very low molecular weights. More generally, the model offers a simple molecular ex-
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planation for the LCST/LDOT and the “baroplastic” behav-

ior observed for P®»-PBMA. Indeed, it can be readily I P\ " 140atm. P
shown that, independent of the choice of referefttard- - ¥ —»* 017 Kbar
core state, PS has a highgr(i.e., less free volumethan the v ° 0.33 kbar
alkyl methacrylates. On the other hanglat 25 °C is lower 3 % ® 0.67 kbar

for PS than for alkyl methacrylates with<6 carbon atoms.
Hence, at low temperatures, the third term of B).is nega-

tive for these systems, favoring mixing. However, as tem-
perature increases, the valuesfand § decrease due to
thermal expansion. The magnitude of these changes is dic-
tated by the value ofw. Since apg is much lower than
apnama €xcept for PMMAL® the cohesive properties of most
alkyl methacrylates weaken with increasiigmore rapidly ~ FIG. 2. SANS profile for 34.3 K P8-PHMA at 140 °C and indicate®.
than those of PS. This implies that there will inevitably be a

temperature at which the third term of E§) becomes posi-

tive, ultimately overcoming the combinatorial entropy of

miXi\?\?thd : riving pha}ze se_paratio?. h L fsystem, as suggested by the phase diagram predicted from
e these considerations relate to the variation o Eq. (9). This is in contrast to most observations of pressure
phase behavior with temperature only, an analogous d'scui\'ffects on UDOT-type block copolymers, typically display-

sion can be held to explain the large pressure effects 0 ng much smaller and positive pressure coefficients of only
served for LCST/LDOT-type systems. Of the three terms N, 5 _20°C/kbar. Given its large negative pressure coeffi-

Eq. (9)’ the third 'Ferm is bY far the most pressure s_ensitivebiem and the disparate glass transitions of its two compo-
scaling with the difference in pure component cohesive ProP;ants T bs=100°C andT, pyya=—5 °C, PSb-PHMA is
' g, g, 3

sétr'ﬁs and, more |mpcr)1rtantly, ';S var(ljgf?on W'fg"?‘”‘i'jf ' the first of a class of new “baroplastic elastomers.” This
lle temperature enhances these differences and p, material should indeed exhibit melt-state formability at mod-

pressure acts in the opposite direction, suppressing the dri\é'st temperatures under the pressures characteristic of com-
ing force for phase separation. However, a necessary but n on processing methods, such as compression or injection
sufficient condition for the observation of these effects is tha}nOIding

the exchange interaction energo— 5570)2 be sufficiently In conclusion, a simple model for the free energy of

sgm all,hi_.eH, dOf co_rgparable_ m?gr;]itude 0 ftheF;[gird t(;arm Olf Eq'mixing of polymer blends is proposed which qualitatively
( )’xv ¢ | escrt ﬁs gfc'iiﬂ € case for ahn (niy predicts the phase behavior of weakly interacting polymer
met a‘;r.y ates wit | e=n=a n contrast, when &a0 pairs. This is illustrated here for a series of styrenalkyl

— g 0)” is large, this classical interaction term dominates th%ethacrylate blends, and in a following paper for 24 other

free energy and the system displays a UCST/UDOT, Observﬁolymer pairs, including various polyolefin  mix-

able (_)nly for very |0V¥f molecur:gr yveights ?nd ﬁccompaniedturesl polycarbonate/PMMA, styrene-acrylonitrile/PMMA,
by minor pressure effects. T IS 1S seen for the PS./PMM MMA/polyethylene oxide, PS with polybutadiene, polyiso-
system and fqr PS blended with methacrylates having Ion%rene, polyvinyl methyl ethey, poly(cyclohexyl methacry-
alkyl side chains > 6). late), poly(a-methyl styreng poly(phenylene oxide etc?®

Based on this discussion and the predicted LCST forIn its essence, the model extends the classical regular solu-
PS/PHMA (h=6), strong pressure effects were expected for,

) . ) tion model for binary mixtures to account for thermal expan-
this system, deSP'te the experlm(—‘j-ntailly observed UDOT. Ir%ion. Its success in capturing the thermodynamic trends of
fact, such b_ehawor was rec_ordedlmsnu small-apgle NeU-  macromolecular mixtures hints at a wider applicability to
tron scattering(SANS) studies under hydrostatic pressure other systems, including polymer solutions, organic solu-
(performed at the NIST Center for Neutron Resea@m’a tions, and possibly other small molecule mixtures or alloys.
34300 g/mol(34.3 K) PSh-PHMA copolymer containing
49 Wt% PS. The copolymer was synthesized anionicdlly, This work was supported in part by an unrestricted grant
and pressure studies were performed following the approactiom the Lord FoundatiorfA.M.M.), by the MRSEC pro-
described in Ref. 12. Figure 2 shows the circularly averagedram of the National Science Foundation under Award Nos.
SANS intensity profile at 140 °C and indicated pressures. ADMR 98-08941(A.M.M.) and DMR 98-09365T.P.R) and
P=<0.2 kbar, a sharp first-order reflection@/q=0.2) is ob- by the DOE BES under Award No. DE FG02 96ER45612
served, indicative of the ordered state. However, betweefil.P.R). The authors acknowledge the support of N.I.S.T.,
0.17 and 0.33 kbar, the discontinuous drop in peak intensity).S. Department of Commerce, in providing neutron scatter-
and broadening of the reflectionA@/q=0.3) signify a ing facilities used in this work. This material is based upon
pressure-driven order—disorder transition. From similar datactivities supported by the National Science Foundation un-
obtained at consecutive temperatures, an unexpectedly largier Agreement No. DMR-9986442. A.-V.G.R. acknowl-
pressure coefficient of 60 °C/kbar was determined, demon- edges the partial support of IBM and the Belgian and Ameri-
strating “baroplastic” behavior for this system. This obser-can Educational Foundation. The authors acknowledge
vation indicates that, despite its UDOT-type behavior, com-useful discussions with G. Ceder, S.K. Kumar, and S.T.
pressibility plays a dominant role in the free energy of thisMilner.
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APPENDIX A APPENDIX B

In Eq. (7), AEmy, may be alternately derived without For a compressible binary mixture, phase stability re-
reference to a lattice by assuming a van der Waal's interacyyires that the system be stable with respect to both compo-
tion potentialw;; (r) between monomerisandj separated by  sition and volume fluctuatiorfs>2%%” When the Gibbs free

- - 6 . . , . ,
a distancer to take the formw;;(r)=—C;;/r°, whereCj;  energy is used, this translates into the following mathemati-
is the van der Waals energy coefficient, having units ofcg| expression for the stability conditidfi?’

energy<volume? The total interaction energk;; for niN;
monomers ofi interacting withn;N; monomers ofj in a

> O g
volumeV is given by’ _=pl 22
pB( Ipad

9%g

=2
TP Ibi

9%g
A

2
) =0. (B1)
iN; (= T.Pp TP
Eij=2> n'TN'f Wi (r)p](r)4mr?dr
b 7ij However, since the simplified free energy expression given
nN; (= —Cjj | ) by Eq. (8) only depends on pure component variables and
=2 TJ & pj(r)4mradr, (A1) not onp, the second term of EqB1) is equal to zero. At
" 7 atmospheric pressure, spinodal temperatures can thus be
wherep; (r) is the localnumberdensity ofj segmentsg;; is  readily calculated using the stability criterion given by Eq.
an averaged segment hardcore diameter, and the system(.
assumed to be isotropic. Invoking the mean-field approxima-
tion p{(r)=niN;/V, and further assuming thatC;

_ 12 _ 1/2 i i i
=(C.C.. ndo;i = (oo he integral in(A1) yiel
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